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(57) Abstract 


A method of ventilating a patient com- 
prises initially determining the class of the 
lungs of a given patient, selecting a pressure 
or flowrate inspiratory waveform arid other 
ventilatory parameters like inspiratory pause 
and inspiratory time, among others, appropri- 
ate for that lung class, and then ventilating the 
patient with the selected inspiratory waveform 
and other ventilatory parameters. New ven- 
tilation inspiratory waveforms are provided 
which have been found to be advantageous 
for certain lung classes. 
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LUNG CLASSIFICATION SCHEME, A METHOD 
OF LUNG CLASS IDENTIFICATION AND 
INSPIRATORY WAVEFORM SHAPES 

Field of the Invention 

5 This invention relates to systems for the artificial ventilation 

of patients, and, more particularly, to a classification scheme for different 
types of patients* lungs, a method of identifying lung classes, and, a 
method and apparatus for the delivery of ventilatory parameters including 
waveform, inspiratory time, inspiratory pause and tidal volume, among 
10 others, dependent upon the identified lung class. 

Background of the Invention 

The lungs can be characterized as a mass exchanger in which 
oxygen, anesthetics and/or medication are delivered through the alveoli to 
blood pumped from the heart* and carbon dioxide, and anesthetics during 
15 emergence, are removed from the blood for exhalation. The mass transfer 

rate and efficiency in either direction, i.e. removal or inflow of gaseous 
materials at the blood/gas interface, is dependent at least in part on the 
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distribution of ventilation to each lung. In turn, mechanical factors such 
as compliance and flow resistance within the bronchi and the different 
regions of the lungs affect the distribution of pulmonary ventilation. The 
term "compliance" refers to the elasticity of the lungs, or their ability to 
S expand and contract during an inspiration and exhalation cycle, and is the 

inverse or mathematical reciprocal of stiffness. The flow resistance along 
the respiratory pathways refers to blockages or restrictions to the passage 
or flow of gaseous materials to and from the lungs. 
£Q Diseased or injured lungs may have markedly different 

10 compliances or flow resistances compared to healthy lungs. For example, 

one bronchus may have a higher flow resistance due to swelling of its 
Q mucus membrane that constricts its flow area compared to the bronchus 

associated with the other, unaffected lung. Additionally, one lung could 
be less compliant than the other due to trauma or aspiration of gastric acid 
15 from the stomach. A lung with lower resistance and/or lower compliance 

builds up pressure at a faster rate than the other lung when both are 
exposed to a common pressure or flowrate input at the trachea, or at the 
carina where the bronchi meet the trachea. Consequently, the distribution 
of ventilation in the lungs can become unequal such that the volume of gas 
20 in the right lung at the end of inspiration may not be equal to the volume 

of gas in the left lung. If both an abnormal lung and a healthy lung 
receive similar blood perfusion rates (Q), i.e. the same volume of blood 
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frora the heart per unit time (cardiac output), but different ventilation or 
gas volume rates (V), there is an undesirable ventilation/perfusion ratio 
(V/Q) mismatch. This mismatch degrades the mass transfer or gas 
exchange rate, and the efficiency of such exchange, within the lungs. In 
5 turn, less carbon dioxide (and less gaseous and volatile anesthetics during 

emergence) come out of solution from the blood, while less oxygen (and 

H 3 

y3 less gaseous and volatile anesthetics during induction and maintenance) 

UJ dissolve into the blood per unit time. Although the body's compensatory 

m 

69 mechanisms will shunt the perfusion to favor the better ventilated lung, 

4= 10 there is a limit to that self-regulatory action, particularly when it is 

depressed by some anesthetics. 

Another physiological parameter which is of concern during 
ventilation and/or anesthesia of a patient is the mean pressure within the 
lungs over time (mean lung pressure, MLP). Higher mean lung pressures 
15 during mechanical ventilation can reduce the cardiac output or volume of 

blood pumped by the heart per unit time by interfering with the filling and 
emptying of the heart. Because the lungs and heart both reside in the chest 
cavity, excess pressure, and hence excess expansion of the lungs, can 
reduce cardiac output. 
20 In view of these problems with ventilation of diseased or 

injured lungs, one design objective of ventilation apparatus and anesthesia 
systems is to equalize the distribution of ventilation in lungs of unequal 



m 



WO 97/14462 



PCT/US96/16430 



-4- 

compliances and/or unequal resistances, while minimizing the mean lung 
pressure within the lungs. We numerically express distribution of 
ventilation as the "ventilation distribution ratio/' or quotient of the volume 
of gas within the right lung over the volume in the left lung at the end of 
5 inspiration. Assuming the right and left lung to be of equal volume, the 

ventilation distribution ratio (RJ should ideally be unity, or, for diseased 
kQ or damaged lungs, as close to unitv as possible. 

yj A number of studies have been undertaken to determine the 

CB effectiveness of inspiratory waveform shaping as a means of optimizing the 

m 

^ 10 ventilation distribution ratio of lungs having unequal compliance and/or 

O resistance, while minimizing mean lung pressure. The term "inspiratory 

waveform shaping" refers to the configuration of a pressure or flowrate 
waveform over time which is delivered by a ventilator (ICU (intensive care 
unit) or anesthesia) to the patient during mechanical inspiration. Currently, 
15 there are four flowrate waveforms commonly employed in ICU ventilators, 

including constant flowrate, linearly increasing flowrate, linearly 
decreasing flowrate and half-sine (0 to n) flowrate. Most anesthesia 
ventilators offer only a constant flowrate waveform. These flowrate 
waveforms have been utilized in various studies to assess the effect of 
20 using one waveform or another on the ventilation distribution ratio for 

different lung configurations, e.g. lungs having equal compliance and 
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unequal resistance (ECUR), and lungs with unequal compliance and equal 
resistance (UCER). 

The results obtained from prior studies involving inspiratory 
waveform shaping have up to now contradicted one another. Furthermore, 
5 none of the studies have addressed the need for a lung classification 

scheme or how to identify/classify a patient's lung configuration. No 
suggestion is made as to how one might determine the particular 
characteristics of the lung of a given patient so that an appropriate 
inspiratory waveform or other ventilatory parameters might be selected and 
10 utilized. Further, the emphasis in prior studies has been to attempt to 

determine the "best" single pressure or flowrate inspiratory waveform for 
all types of lung conditions, even though the characteristics and behavior 
of lungs afflicted with emphysema, asthma and acute respiratory distress 
syndrome, for example, are very different. 

15 Summary of the Invention 

It is therefore among the objectives of this invention to 
provide a methodology for operating a ventilation apparatus and/or 
anesthesia system for use with patients having a variety of lung conditions, 
which attempts to equalize the distribution of ventilation in lungs with 
20 unequal resistance and/or unequal compliance, and, which minimizes the 

mean lung pressure over time. 
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These objectives are accomplished in a methodology which 
includes determining the class of the lungs of a given patient, selecting a 
pressure or flowrate waveform and other ventilatory parameters such as 
inspiratory pause and inspiratory time which arc appropriate for that lung 

5 class, and then ventilating the patient with the selected inspiratory 

waveform and ventilatory parameters. New ventilation inspiratory 
waveforms are provided which have been found to be advantageous for 
certain types of lung classes. An inspiratory pause is generated by 
imposing a zero flowrate condition in the trachea or endotracheal tube 

10 (ETT). 

One aspect of this invention is predicated upon the concept 
of determining the particular class of the lungs of a particular patient. 
There are a total of 16 possible variations of lung types, given that each 
lung of a patient has a certain left and right compliance and a certain left 

1 5 and right resistance. It has been determined through computer modeling 

and mathematical derivation, that these 16 lung types can be categorized 
into three general lung classes, including: (1) Class I: lungs having equal 
individual time constants, where the time constant of each lung is the 
product of its resistance and compliance; (2) Class II: lungs of unequal 

20 compliance, with no restriction on resistance; and, (3) Class III: lungs of 
equal compliance but unequal resistance. The lung classification scheme 
of this invention depends on the ability to identify for each patient which 
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of the three general lung classes mentioned above is applicable so that an 
appropriate inspiratory waveform and other ventilatory parameters such as 
inspiratory time and pause can be selected. 

Clinical determination of the different lung classes is 
5 accomplished in the method of this invention using one or more algorithms 
generated by modified control software of commercially available 
computer-controlled ventilators. 

One algorithm employs a constant (or any other) flowrate 
waveform wherein the time of inspiration is varied from a shorter time 

10 period to a longer time period, e.g. two seconds to four seconds, while 

maintaining all other ventilatory parameters constant. A measurement is 
taken of the end-tidal carbon dioxide concentration following exhalation 
after the shorter, two second inspiratory time, and then a second 
measurement of end-tidal carbon dioxide is taken upon exhalation after at 

15 least ten breaths or one minute at the longer, four second inspiratory time. 

In Class III lungs, it is believed that a substantia] decrease in end-tidal 
carbon dioxide concentration will occur following ventilation for at least 
ten breaths or one minute with an increased inspiratory time. This is 
because it is believed that a better ventilation distribution ratio is obtained 

20 using a constant flowrate waveform with Class III lungs wherein the 
inspiratory time is increased. In turn, a better ventilation distribution ratio 
leads to better washout, which then leads to lower end tidal carbon dioxide 
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concentration. Class 1 and II lungs, on the other hand, are believed to 
show no decrease, or an increase, in end-tidal carbon dioxide concentration 
following exhalation under the same inspiratory time and tidal volume 
parameters. As a result, a Class III lung may be identified and 

S distinguished from Class I and II lungs using this algorithm. 

A second algorithm to detect Class III lungs involves the use 
of a newly implemented inspiratory waveform, a rising exponential 
flowrate inspiratory waveform, with an inspiratory pause (e.g., 25% of 
inspiratory time). It has been determined mathematically and by computer 

10 simulation that the ventilation distribution ratio for Class III lungs is 

substantially improved using a rising exponential flowrate inspiratory 
waveform where an inspiratory pause is employed, compared to the same 
waveform when there is no inspiratory pause. It is believed that a decrease 
in end-tidal carbon dioxide will occur following ventilation for at least ten 

15 breaths or one minute with the inspiratory pause compared to ventilation 

with the preceding waveform without the inspiratory pause. No lowering 
of end-tidal carbon dioxide is expected in a Class I lung under similar 
ventilatory parameters, and there is either an increase or no change in end- 
tidal carbon dioxide for Class II lungs under the same circumstances. 

20 A third algorithm can be employed to identify Class III lungs 

which involves the use of a constant pressure waveform followed 
immediately by ventilation for at least ten breaths or one minute with a 
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rising exponential flowrate waveform, wherein both waveforms have the 
same tidal volume and inspiratory time. When using these consecutive 
waveforms on a patient with Class HI lungs, it is believed that an increase 
of end-tidal carbon dioxide would follow inflation with the rising 
5 exponential flowrate waveform. No such change is expected for either 

Class I or Class II lungs, and therefore a Class III lung may be positively 
identified with this algorithm. 

In addition to identifying the class of lungs by measuring the 
end-tidal carbon dioxide concentration, the method and apparatus of this 

10 invention contemplates lung class identification by the measurement of the 

intratracheal pressure trace. The intratracheal pressure trace is obtained by 
sampling the pressure at the distal tip of the endotracheal tube using a 
pressure sensor pneumatically connected to a pressure coupling port or 
lumen located at the distal tip of the endotracheal tube with which the 

15 patient is intubated. An inspiratory pause is added during mechanical 

ventilation to assist in identifying the lung class. In the presently preferred 
embodiment, the intratracheal pressure trace is divided into segments 
corresponding to different phases of inspiration, i.e., active inflation, 
inspiratory pause, beginning of expiration, and, end of expiration using the 

20 flow and pressure trace signals. Different algorithms, described in detail 

below, are then applied to the intratracheal pressure trace segments. 
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It has been observed that it is possible to differentiate 
between a Class I lung, and Class II or HI lungs, by the intratracheal 
pressure trace during inspiration. A Class I lung exhibits a linear 
intratracheal pressure trace whereas Class II or Class III lungs have a non* 

5 linear pressure trace during active inflation, using a constant flowrate 

waveform. Such characteristics have been observed both with mechanical 
models and computer simulations of two compartment lungs. Importantly, 
it has been observed that Class III lungs can be readily identified by 
examining the intratracheal pressure trace during the inspiratory pause. By 

10 definition, there is no flow within an endotracheal tube during a true 

inspiratory pause. The volumes in the lung compartments can then 
redistribute according to the pressure differentials during the inspiratory 
pause. It has been observed that for Class III lungs, the pressure trace 
during inspiratory pause has a slowly decaying slope, whereas the pressure 

15 traces for Class I or II lungs quickly drop in a step fashion from a peak 

inspiratory pressure to a plateau. A Class III lung can thus be clearly 
distinguished from Class I and U lungs in this manner. 

An examination of the intratracheal pressure trace during 
expiration is also helpful in identifying and differentiating between the 

20 different lung classes. It has been observed that for a Class II lung, the 
intratracheal pressure trace during exhalation follows two different time 
constants. The shorter time constant predominates at the start of exhalation 
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and quickly dies out, while the longer time constant persists and dominates 
toward the end of exhalation. Software within the apparatus of this 
invention takes the natural logarithm of the intratracheal pressure trace at 
the beginning and ending segments of exhalation, and samples the resulting 
S slopes of the natural logarithms over time. It has been determined that if 

the slopes are markedly different, then the lung class is not a Class I lung, 
but could be a Class II or HI lung. Using the inspiratory pause 
intratracheal pressure trace described above, a Class III lung can be 
positively identified as compared to a Class 1 or II lung. Consequently, 

10 Class I, II and III lung types can be differentiated from one another using 

a combination of the intratracheal pressure traces during expiration and 
during inspiratory pause. 

Still another method of assisting in determining the lung 
characteristics of a particular patient involves quantification of the effective 

15 time constant of the entire respiratory system. In the presently preferred 
embodiment, a constant pressure waveform (pressure step input of time 
duration T t ) is applied at the carina and an analysis is undertaken of the 
resulting flow rate trace at the distal tip of the endotracheal~tube. To 
obtain a constant pressure waveform at the carina, the pressure is sampled 

20 at the distal tip and a feedback loop within the apparatus herein is 

implemented to maintain the pressure thereat to the desired constant value. 
The flowrate at the distal tip of the endotracheal tube over time (Q^t)) 
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decays exponentially in response to a pressure step at the carina, with the 
maximum inspiratory flowiate, Q^, corresponding to the initial flowrate, 
Q rt (t=0). The point in time at which Q^t) equals exp (-1) • (0.368 
Qm«) corresponds to the time constant of the entire respiratory system, and 
can be determined by measuring the flow at the endotracheal tube with the 
flow meter placed thereat 

Alternatively, the effective time constant of the entire 
respiratory system can also be quantified by an increasing ramp pressure 



Hi input at the carina. For an increasing pressure waveform, = (T ; ). 

"2 10 The point in time when Q«(t) reaches (1 - exp (-1)) (C^J = (1 - 0.368) 

L. Q mMK = 0.632 is the time constant of the entire respiratory system and 

Lju 

^ can be determined in the same way as with the constant pressure technique. 

Once the class of the lungs of a given patient has been 
determined by employing one or more of the algorithms discussed above, 
15 an appropriate inspiratory waveform and other ventilatory parameters can 

be selected which are best suited for that lung classification. Another 
aspect of this invention is predicated upon the concept that different types 
of inspiratory waveforms and ventilatory parameters are more appropriate 
for different classes of lungs than others, and, in fact, some types of 
20 inspiratory waveforms can be harmful when used with patients having 

certain lung conditions. Keeping in mind that the goal is to obtain a 
ventilation distribution ratio which approaches unity with lungs of different 
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time constants, while minimizing the mean lung pressure, it has been found 
that the rising exponential inspiratory waveform is preferred in most 
instances except for Class III lungs. A constant pressure inspiratory 
waveform, for example, while it causes the ventilation distribution ratio to 
5 approach 1.0 for a Class III lung, may not be indicated for certain patients 
with Class III lungs because it has been found to increase mean lung 
pressure in such patients. Further, longer inspiratory times and the use of 
an inspiratory pause provide a more even ventilation distribution ratio in 
Class III lungs. With respect to Class I and Class II lungs, inspiratory 

10 waveforms whose time derivatives are strong functions of time are 

recommended to obtain more even ventilation distribution ratios and 
reduced mean lung pressures. The use of an inspiratory pause is not 
recommended for either Class I or Class II lungs because it increases mean 
lung pressure and/or produces a more uneven ventilation distribution ratio. 

15 The appropriately selected ventilation inspiratory waveform 

and other ventilatory parameters such as inspiratory time and inspiratory 
pause, are then used to ventilate the patient and deliver either oxygen or 
a combination of oxygen with any of air, helium, nitrous oxide, nitric 
oxide, and anesthetics. Because the ventilation distribution ratio is 

20 improved with the method of this invention, a more efficient and effective 

mass transfer occurs at the blood/gas interface within the lungs. Further, 
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the mean lung pressure is reduced to minimize interference with cardiac 
output. 



Description of the Drawings 

The structure, operation and advantages of the presently 
5 preferred embodiment of this invention will become further apparent upon 
consideration of the following description, taken in conjunction with the 
accompanying drawings, wherein, 

Fig. 1 is a schematic view of an open loop ventilation system 
capable of providing flowrate waveform shaping during mechanical 
10 inspiratory; 

Fig. 2 is a schematic view of a closed loop ventilation system 
capable of obtaining flowrate waveform shaping during mechanical 
inspiratory; 

Fig. 3 is a graphical depiction of compliance curves for 
15 normal and diseased lungs wherein "FRC" is the functional residual 

capacity and "PEEP" is positive end expiratory pressure; 

Fig. 4 is a schematic electrical circuit depicting an electrical 
analogy to the respiratory pathways formed by the bronchi and lungs of a 
patient, which is utilized to provide mathematical modeling of the effects 
20 of resistance and compliance on distribution of pulmonary ventilation; 
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Fig. 5 is a table of a computer simulation for normal and 
healthy lung configurations with equal resistances, compliances and time 
constants wherein: 

R, = 6 cm H 2 0/l/s 
5 C r = 0.025 1/cm H 2 0 

R, = 6 cm H 2 0/l/s 
C, = 0.025 l/cm H 2 0 
Fig. 6 is a table of a computer simulation of lungs having 
equal resistances, unequal compliances and unequal time constants, 
10 wherein: 

R, = 6 cm H 2 0/l/s 

C r = 0.0125 1/cm H 2 0 

R< = 6 cm H 2 0/l/s 

C, = 0.025 1/cm H 2 0 
1 5 Fig. 7 is a table of a computer simulation of lungs having 

unequal resistances, equal compliances and unequal time constants, 
wherein: 

R T = 6 cm H 2 OZl/s 
C r = 0.025 1/cm H 2 0 
20 R 1 = 12 cm H 2 0/l/s 

C» = 0.025 1/cm H 2 0 
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Fig. 8 is a table of a computer simulation of lungs having 
unequal resistances and unequal time constants, where the compliance of 
the right lung is less than that of the left lung, and wherein: 
R, = 6 cm H 3 0/l/s 
5 C r = 0.0125 l/cmH 2 0 

R, = 12 cm H 2 0/l/s 
C, = 0.025 l/cm H 2 0 
Fig. 9 is a table of a computer simulation of lungs similar to 
those of Fig. 8 except with the compliance of the right lung being greater 
10 than the compliance of the left lung and unequal time constants, wherein: 

R, = 6 cm H 2 0/l/s 
C r = 0.0375 l/cm H 2 0 
R, - 12 cm H 2 Ofl/s 
C, = 0.0125 l/cm H 2 0 
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Fig. 10 is a table of a computer simulation of lungs which 
cannot be characterized as "normal and healthy" but whose abnormalities 
do not manifest themselves as inequalities in time constants. The 
inequalities in resistances and compliances are such that the time constants 
of the right and left lungs are equal, and wherein: 
R, = 6 cm HjO/l/s 
C, = 0.025 Van H,0 
R, = 12 cm H 2 0/l/s 



m 

Cu C, = 0.0125 1/cm H 2 0 



=h 10 Fig. 11 is a condensed table of the results of the computer 

O simulations shown in Figs. 5-10 in which the qualitative trends and effects 

on different lung configuration types is emphasized in narrative form. 

Detailed Description of the Invention 

The overall objectives of this invention are to improve the 
1 5 mass transfer rate and efficiency at the blood/gas interface of the lungs in 

both directions, i.e. removal of carbon dioxide and anesthetics and inflow 
of oxygen and anesthetics, while minimizing the mean or average pressure 
in the lungs during ventilation. In order to achieve these objectives, an 
analysis is disclosed resulting in the grouping of a number of lung types 
20 into three general, main classes. Algorithms are provided to permit a 

determination in a clinical setting of the particular classification for the 
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lungs of a given patient. Finally, a number of new inspiratory waveforms 
are disclosed which can be utilized with other ventilatory parameters to 
ventilate a patient with a particular lung classification to achieve an 
improved ventilation distribution ratio while minimizing mean lung 
5 pressure. 

The following discussion is divided into sections directed to 
the lung classification analysis, clinical determination of the lung class of 
a particular patient and, the selection and use of appropriate inspiratory 
waveforms and other ventilatory parameters for different lung classes. 



10 Development of Lung Classification 

With reference initially to the bottom portion of Fig. 1, a 
schematic depiction is provided of the respiratory passageways of a patient 
who has been intubated with an endotracheal tube 10 connected to a Y- 
piece 12. The endotracheal tube 10 is inserted within the trachea 14 of the 

15 patient, and a cuff 16 provided on the exterior surface of endotracheal tube 

10 is inflated to create a seal with the trachea 14. As described below, one 
or more sensors 1 8 sample pressure and gas composition at sampling ports 
located at the distal tip 20 of the endotracheal tube 10 to provide 
measurements of pressure and end-tidal carbon dioxide content One type 

20 of endotracheal tube 10 suitable for use herein is a "Hi-Lo" endotracheal 

tube commercially available from Mallinckrodt Such tube includes 
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sampling ports at the distal tip which can be pneumatically connected to 
pressure sensors. 

For purposes of the present discussion, the left bronchus 22 
and left lung 24 will be referred to as one respiratory passageway, and the 
right bronchus 26 and right lung 28 forms another respiratory passageway. 
The bronchi 22, 26 meet at the carina 29 where the distal tip 20 of the 
endotracheal tube 10 is positioned. The term "resistance" as used herein 
is meant to refer to the flow resistance or restriction within each 
respiratory passageway. The term "compliance" refers to the flexibility or 
elasticity of the left and right lungs 24, 28 as they expand and contract 
during inspiration. 

Development of the lung classes of this invention began with 
a computer model based on the mathematical model first suggested by Otis 
et ah in Mechanical Factors and Distribution of Pulmonary Ventilation. 
15 Journal of Applied Physiology 8:427, 1956. The work of Otis, et al. 

established that an electrical analogy could be employed to model the 
behavior of lungs wherein compliance equals capacitance, and flow 
resistance equals electrical resistance. Thus, the diagram depicted in Fig. 
4 illustrating an electrical circuit with resistances R^, 1^ and and 
20 capacitances C, and C n with an input I(t), is electrically analogous to the 

respiratory airways of an intubated patient. The resistance is analogous 
to the flow resistance within an endotracheal tube, the resistances R, and 



m 



t_3 



10 
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R T arc analogous to the flow resistances within the respective bronchi of 
a patient, and, the capacitances C t and C r are analogous to the compliances 
of the left and right lungs. 

A computer program was developed to simulate and analyze 
5 the effects of inspiratory waveform shape, inspiratory time (Tj), inspiratory 

pause (IP) and tidal volume (VT) during mechanical ventilation. In order 
to utilize the mode! proposed by Otis et al. and shown in Fig. 4, it was 
assumed that compliances and flow resistances are linear, particularly in 
situations where the total lung volume is less than two (2) liters above 
^ 10 functional residual capacity (FRC) and the inspiratory flowrates are less 

Q than 80 liters per minute. The term "functional residual capacity," or FRC, 

Q refers to the volume of air left in the lungs after exhalation. 

sU 

p With reference to Fig. 3, the propriety of assuming linear 

compliances and resistances is graphically depicted. The lung compliance 
1 5 curve for a healthy, anesthetized patient in the supine position is a highly 

skewed sigmoid with a wide linearly sloping portion that flattens out at the 
top of the curve as the elastic limit of the lungs is approached. See Nunn, 
J.F. Applied Respiratory Physiology (Third Edition), London, Butterworths 
1987. The inflection point where the compliance curve departs from 
20 linearity is approximately at the 30 cm H 2 0 and 2.5 liters above FRC 

coordinate, for healthy, anesthetized patients in a supine position. 
Accordingly, the assumption that compliance is linear for healthy 
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anesthetized patients in a supine position, for tidal volumes not exceeding 
2 liters, is accurate. 

With respect to patients having lungs with some pathology, 
or, indeed, serious medical conditions, additional curves are provided in 
5 Fig. 3 depicting volume vs. pressure plots for patients having emphysema, 

asthma and acute respiratory distress syndrome. It can be observed that 
the compliance curves still retain their skewed sigmoidal shape although 



the scale and the degree of skew are different. Therefore, the assumption 
of a linear compliance for these "abnormal" lungs can also be made, 
== 10 provided the volume in the lung is below the inflection point. As depicted 

q in Fig. 3, the inflection points of the compliance curves for different lung 

[Mr 

q pathologies follow a roughly diagonal locus that runs from the upper left 

f*i to the bottom right of the volume vs. pressure plot. As a practical matter, 

jhy 

the inflection point locus implies that a less compliant lung will top its 
1 5 curve at a lower volume above FRC compared to a normal lung. Because 

it is less compliant, the stiffer lung will generally receive less volume than 
a more compliant lung in proportion to the ratio of the compliances 
between the two lungs. Consequently, the very nature of the less 
compliant lung tends to prevent it from topping its curve and thus stay 
20 within the linear compliance region. Conversely, the more compliant lung 
;i accepts more volume but also tops its curve at a higher volume above FRC 

and will thus stay within the linear portion of its compliance curve for a 
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larger volume range. Accordingly, the assumption of linear compliances 
and resistances for the various types of lung conditions depicted in Fig. 3 
is valid and practically useful within the parameters of total lung volume 
less than 2 liters above FRC, and inspiratory flowrates less than 80 liters 
5 per minute. 

As noted above, the computer model is intended to simulate 
and analyze the effects of (1) inspiratory waveform shape, (2) inspiratory 
time, T it (3) inspiratory pause, (IP), and (4) tidal volume, (VT) during 
mechanical ventilation on lungs having a variety of resistance and 
10 compliance parameters. Prior to this invention, four inspiratory waveforms 

had been utilized in ventilation and anesthesia apparatus which can be 
described in equation form as follows: 
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Constant Flowrate: 



0«e(C) = -?r (1) 



Increasing Flowrate : 



0.«(t) = 2*1 . c (2) 



p Decreasing Flowrate : 

m 1 
ff» 

Half-Sine Flowrate : 

in 



m 5 Where: Q^O) = total flowrate at the 

M trachea, or endotracheal tube, over time 



VT = tidal volume 
T { = inspiratory time 
t = time 

10 In addition to these four known waveforms, a number of new 

flowrate waveforms have been discovered which, in at least some 
instances, produce improved results as discussed in more detail below. 



v 
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Quarter sine (n/2 * n) 



Qt t ) = ii2 sinf* * -S-.t} - (5) 

Shifted Quarter Sine - 37E/2) 

C ecc (C) = ^— (l * sin<* + -r|rt)) 

r (l-—) V / 

Trapezoid 



Oezz^t) " 0.198652T 



Decaying Exponential (x-T/ n) 



-nt 



Rising Exponential (t=T751 



(6) 



B 

u 

Hi 

Decaying Exponential (t=TJ5} 



(10) 



0.033918 VT — A (ii) 



i 
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Rising Exponential (x=TJn) 



5 Where: 



10 







nt 

« f [VT, TJ e Ti 


(12) 




o BCC 


(O - 3VT - t2 
iy 


(13) 






U) = 4VT - t3 
ay 


(14) 




O eec it) 




(15) 






total flowrate at the trachea, over time 


VT 




tidal volume 
inspiratory time 




T 




time constant of flowrate change 


n 




any number 




tTVT.TJ 




a constant which 
and T; 


is a function of VT 


t 




time 





Additionally, an ideal increasing exponential flowrate 
waveform is given by the following relationship: 
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G ccc <t) = Ae* c (16) 



Where: 



^ = — VT (17) 



C r = right lung compliance 

C, = left lung compliance 

R, = right lung resistance 

5 R t - left lung resistance 

VT = tidal volume 

Tj = inspiratory time 

QenW = lota ' flowrate of trachea or endotracheal tube, 
over time 

10 t = time 

It should be noted that equations 9 and 1 1 listed above, i.e. for decaying 
exponential and rising exponential flowrate waveforms, employ a time 
constant equal to the inspiratory time divided by 5 (T/5.) This was an 
arbitrary selection utilized in the computer model for purposes of 
15 comparison with other waveforms. Other time constants of the flowrate 

decay can be utilized, e.g. x = T/n, where n can be essentially any number. 
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Equations 10 and 12 depict decaying exponential and rising exponential 
flowrate waveforms where t=T/n, and wherein the constant f [VT, TJ is 
a function of tidal volume (VT) and inspiratory time (T^. 

In addition to the flowrate inspiratory waveform noted above, 
shaping of a particular input to a patient can be achieved with pressure 
inspiratory waveforms. With waveforms of this type, the clinician is 
concerned with determining the peak pressure required during each breath 
to deliver the desired tidal volume (VT) to the patient within a chosen 
inspiratory time (T ; ). For purposes of the computer modeling employed 
in this invention to obtain data for lung classification, as described below, 
three pressure inspiratory waveforms were employed which can be 
expressed in equation form as follows: 
Constant Pressure 

P c (t) = P c (19) 

Where: P c is constant during inspiration and is the pressure at the 
carina 

t = time 



Increasing Pressure 



i> <t) = mc (20) 



Where: m = ramp slope 
t = time 
P c — pressure at the carina 
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Rising Exponential Pressure (r=TJri) 

nt 

P c (t) = P„ e^- 
Rising Exponential Pressure fx=TyS) 



PAt) = P a e T ' 



(21) 



(22) 



*c<t> = -Po(^) < 23 > 



*«<« = -Po(^) 3 (24) 

5 Where: T s = inspiratory time 

P c = an arbitrarily set starting point for the pressure 
waveform which is iteratively adjusted as the 
pressure waveform is maintained, and as the 
actually delivered tidal volume is measured, 
10 until the desired tidal volume is obtained 

P c = pressure at the carina 
n = any number 

t = time constant of pressure rise 

t = time 

1 5 Pressure and flowrate waveforms with time derivatives which 

are themselves strong functions of time, such as set forth above in 
equations 11-15 and 21-24, are desirable. Equations 23 and 24, for 
example, can be written in more general form as follows: 
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o 



p c {t) = ^(y:)" < 25 > 



Where: T, = inspiratory time 

P c = an arbitrarily set starting point for the pressure 
waveform which is iterativcly adjusted as the 
5 pressure waveform is maintained, and as the 

actually delivered tidal volume is measured, 
O until the desired tidal volume is obtained 

y3 P c = pressure at the carina 

uj 
01 



n = any number greater than 1 
10 t time 

A binary (normal/abnormal) approach was used in mapping out all possible 



[~ combinations of C„ C„ 1^ and R,. Initially, it was noted that a total of 16 

W 

different combinations of lung types are possible considering the 

compliances C r and C, of each lung, and flow resistances R T and of each 

1 5 respiratory pathway, as independent variables. For ease of notation, lungs 

with normal compliance and resistance are denoted by C and R, 

respectively. Abnormal lungs are denoted by C/n and mR where n and 

m are usually greater than 1, since clinical abnormalities normally manifest 

themselves as reduced compliance and increased resistance. Using these 

^ 20 notations, the following table can be generated listing the 16 possible lung 

t 

combinations: 



WO 97/14462 



PCT/US96/16430 



-30- 



E, 


C, 


E. 


C, 




R 


C 


R 


C 


1 


R 


C 


R 


On 


2 


R 


C 


mR 


C 


3 


R 


C 


mR 


C/n 


5 


R 


C/n 


R 


C 


2 


R 


C/n 


R 


C/n 


1 


R 


C/n 


mR 


C 


4 


R 


C/n 


mR 


C/n 


3 


mR 


C 


R 


C 


3 


mR 


C 


R 


C/n 


4 


mR 


C 


mR 


C 


1 


mR 


C 


mR 


C/n 


2 


mR 


C/n 


R 


C 


5 


mR 


C/n 


R 


C/n 


3 


mR 


C/n 


mR 


C 


2 


mR 


C/n 


mR 


C/n 


1 



The last line of the above column entitled "Lung type" refers to a reduced 
list of six lung combinations which can be distilled from the 16 possible 
20 combinations, due to functional similarities. For example, if compliances 

are similar but one flow resistance is twice theother, it does not ma tter -if 
the higher resistance is in the right or left lung. Further, because 
compliance and resistance are independent of each other, the actual 
magnitude of the compliance compared to the resistance is not significant, 
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and vice versa. In tabular form, the "distilled" or reduced list of possible 
lung configurations is given below as follows: 



Lung 


Comparative 


Comparative 




Resistances 


Compliances 


1 


R, 




R. 


c, = c, 


2 


R, 




R. 


c, < C, 


3 


Rr 


< 


R, 


c. = c, 


4 


Rt 


< 


R, 


C r < C, 


5 


Rr 


< 


R| 


C r > c, 


5a 


mR, 




R, 


C/n = C, 



The lung type labelled M 5a" in the above table refers to a special 
configuration in which the resistance in the right lung is less than the 
resistance in the left lung by the same proportion as the compliance in the 
left lung is less than the compliance in the right lung, i.e. n = m. This 
category or type of lung is similar to type 1, as discussed in more detail 
below. 

With reference to Figs. 5-10, a computer simulation was 
performed for each of the lung categories or types l-5a wherein a number 
of ventilatory parameters were systematically altered for comparative 
purposes. Figs. 5-10 correspond to the six lung types l-5a, respectively. 
With reference to the top portion of the tables of Figs. 5-10, the categories 
entitled "Ventilation Parameters" include a reference to "shape," i.e. the 
waveform shapes utilized, inspiratory time (T if ), tidal volume (VT), and, 
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inspiratory pause (IP), expressed as a percentage of the inspiratory time. 

Note that each of the inspiratory flowrate waveforms mentioned above, and 

three inspiratory pressure waveforms, were incorporated in the analysis. 

The abbreviations utilized to depict waveform shape in each of Figs 5-10, 
S beginning at the top of the column, are as follows: constant, increasing, 

decreasing, half-sine (0-n), quarter-sine (7i/2-n), trapezoid, decreasing 
Q exponential, shifted quarter-sine (7t-3rt/2) and rising exponential. The three 

Cj pressure waveforms employed in the computer simulation include constant, 

Jjj increasing and rising exponential. 

U] 10 The heading "Before Pause" utilized at the top of the tables 

^ in Figs. 5-10 refers to variables measured at the end of the active inflation 

[f period but before exhalation. The quotient V/V, refers to the ratio of the 

i — 3 
~*=* 

y volume of air in each lung at the end of active inflation, which is also 

O 

^ defined as the ventilation distribution ratio. The abbreviation MLP refers 

15 to the mean lung pressure during active inflation, expressed in centimeters 

of water. The variables under the heading "End of Inspiration" in Figs. 5- 
10, refer to variables measured at the end of an inspiration, either with or 
without an inspiratory pause. R^. CO and MLP are the same as described 
above. The abbreviation PIP refers to peak inspiratory pressure, expressed 
20 in centimeters of water, which is defined as the maximum pressure within 

the lungs at the end of inspiration. The term is the maximum 

if 

t 

flowrate for a given flowrate waveform and is expressed in liters per 
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minute. The term "System t (s)" refers to the time constant for the entire 
respiratory system and "iter" refers to the number of breath iterations 
performed in the computer simulation before a pressure waveform achieves 
the desired VT. 

Still another method of assisting in determining the lung 
characteristics of a particular patient involves quantification of the effective 
time constant of the entire respiratory system. In the presently preferred 
embodiment, a constant pressure waveform (pressure step input of time 



^ duration T ( ) is applied at the carina and an analysis is undertaken of the 

yi 10 resulting flow rate trace at the endotracheal tube. To obtain a constant 

s pressure waveform at the carina, the pressure is sampled at the distal tip 

y, and a feedback loop within the apparatus herein is implemented to 

Q 

fU maintain the pressure thereat to the desired constant value. The flowrate 

Q 

ft} at the distal tip of the endotracheal tube over time (QcJt)) decays 

15 exponentially in response to a pressure step at the carina, with the 

maximum inspiratory flowrate, Q^, corresponding to the initial flowrate, 
Q« (t=0). The point in time at which Q^t) = exp (- 1 ) • (0.368 Q^) 
corresponds io the. time constant of the entire respirator^' system, and can 
be determined by measuring the flow at the endotracheal tube with the 
20 flow meter placed thereat. 

Alternatively, the effective time constant of the entire 

C 

respiratory system can also be quantified by an increasing ramp pressure 
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input at the carina. For an increasing pressure waveform, Q^, = Qeo (Jd> 
The point in time when QJit) reaches (1 - exp (- 1)) = (1 - 0368) 
= 0.632 is the time constant of the entire respiratory system and 
can be determined in the same way as with the constant pressure technique. 

5 Fig. 1 1 is a condensed table of the results of the computer 

simulations depicted in Figs. 5-10. The same definitions noted above are 
applied to the terms used in Fig. 11, and M R, M is intended to refer to the 
ventilation distribution ratio. The results noted in Fig. 1 1 are expressed 
in narrative form with an emphasis on the qualitative trends and effects on 

10 different lung configuration types. Based upon the pattern of responses of 

the different lung types to different inspiratory waveforms, the original 16 
different combinations of lungs can be further reduced from 6 types of 
lung combinations, to a total of 3 lung classes, as follows: 

Lung Class Lung Types Defining Conditions 

15 l 1, 5a Equal individual time constants 

II 2, 4 and 5 Unequal compliance, no restriction on 

resistance 

III 3 Equal compliance, un-equal resistance 

Accordingly, based upon the computer modeling depicted in Figs. 5-10 as 
20 summarized in narrative form in Fig. 11, all lung configurations can fit 

into three classes having distinctive differences in their dynamic response 
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to inspiratory waveform inputs of pressure or flowrate, to an inspiratory 
pause (IP), and, to the time duration of inspiration (T ; ) during mechanical 
ventilation. In the sections that follow, an explanation is provided as to 
how to clinically determine which class is correct for the lungs of a given 
5 patient, followed by a discussion of the appropriate inspiratory waveform 

and other ventilatory parameters for that lung class. 

•a 

*0 Clinical Determination of Lung Class 

ijJLji 

tp Referring initially to Figs. 1 and 2, two systems are depicted 

03 

Uj for introducing a particular inspiratory waveform through the Y-piece 12 

10 and endotracheal tube 10 to the patient. The system 30 of Fig. 1 is a 

schematic view of an open loop configuration including a computer 32 
having an internal control input, depicted graphically by the box 34, which 
^ produces an output Q(t) which is the input to a digital to analog converter 

represented by box 36. The digital to analog converter 36, in turn, 
1 5 produces a corresponding voltage V(t) which is input to what is genetically 

referred to as "interface circuitry" at box 38. This interface circuitry 38 
is representative of an element such as a voltage to current driver which 
is effective to convert the voltage V(t) to a corresponding current I(t), as 
shown in Fig. 1. The current I(t) is input to a proportional flow control 
20 valve 40 which also receives "gas" e.g. oxygen and any of anesthetics, 

t 

nitrous oxide, nitric oxide, air or helium, among others, from a gas supply 
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42. The gas is output from the control valve 40 at a flowrate Q(t) to the 
Y-piece 12 connected to the endotracheal tube 10. An exhalation valve 43 
is provided at the output side of the Y-piece 12. During inspiration, 
including the inspiratory pause, the exhalation valve 43 is closed. During 
5 exhalation, valve 43 is opened to allow the patient to exhale. 

The system 44 of Fig. 2 is a diagrammatic representation of 

a closed loop configuration in which a control input Q^t) from a computer 

O ... 

J3 depicted as box 46 is input to a comparator 48 which is connected to a 

05 

yj proportional flow control valve 50. This flow control valve 50 receives a 

m 

CO 10 supply of oxygen, with or without anesthetics, nitrous oxide, nitric oxide, 

4" air, or helium, among others, from a gas supply 52. The control valve 50 

Q discharges the gas to a flowrate sensor 54 which, in turn, inputs a gas flow 

Q(t) via line 55 to the Y-piece 12 connected to endotracheal tube 10. The 
system 44 of Fig. 2 has a feedback loop which includes the flowrate sensor 
15 54 and line 56 connected to the comparator 48. The flowrate sensor 54 is 

effective to sense the actual flow of gas discharged from control valve 50 
and provide a signal Q m (t) to the comparator 48 where it is compared with 
the input signal Q d (t) to adjust the signal input to the flow control valve 
50 so that the appropriate flow rate is supplied to the patient. For 
20 purposes of illustration, the flow Q d (t) from box 46 is given a positive M + H 

sign and the input Q m (t) is given a "- M sign. 



5 %d 



WO 97/1 4462 PCT/US96/1 6430 

•37- 

Although not depicted in Fig. 2, this same type of feedback 
loop is employed in the generation of pressure inspiratory waveforms 
except that pressure is sampled at the distal tip 20 of the endotracheal tube 
1 0. This time-varying pressure sample is input to the comparator 48 where 
5 it is compared to a reference control signal in order to match the delivered 

pressure to the desired pressure waveform. 

Either of the systems 30 or 44 depicted in Figs. I and 2 can 
be utilized to input an inspiratory flowrate or pressure waveform of desired 
configuration to the endotracheal tube 10, and are effective to vary other 
Lfj 1 0 ventilatory parameters such as inspiratory time (T,), inspiratory pause (IP), 

e and tidal volume (VT), as desired. It is contemplated that many 

Q 

m commercially available ventilators and anesthesia machines can be utilized 

for this purpose, and it should be understood that the particular 
configuration of systems 30, 44 is given for purposes of illustration only 
15 and should in no way be considered as limiting the scope of this invention. 

Before describing particular lung identification algorithms, it 
should be noted that certain assumptions have been made regarding 
operation of the systems 30 and 44. First, it is assumed that real-time end- 
tidal carbon dioxide values from breath to breath can be sensed through the 
20 sampling port 18 at the distal tip of the endotracheal tube 10, and supplied 

to the computers 32 or 46. Secondly, as described below in connection 
with a discussion of one algorithm wherein the pattern of ventilation is 
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successively changed, it is assumed that a change in the ventilation pattern 
for two consecutive breaths does not disrupt the ventilation of the patient. 
Finally, it is assumed that the production of carbon dioxide within the 
lungs will remain constant over a duration of ten breaths (e.g. about 60 
S seconds) such that the end-tidal carbon dioxide detected during that ten 

breath period will be solely a function of the ventilation distribution ratio, 
i.e. the relative proportion or ratio of distribution of gas to each lung. 

With reference to Fig. 11, it is observed that increased 
inspiratory time, T jt produces an improved ventilation distribution ratio for 
10 Class III lungs while having no benefits for Class I lungs or even a 

worsening effect for Class II lungs. For example, from Fig. 7, using a 
constant flowrate waveform, it is seen that lengthening of the inspiratory 
time from 2.0 to 4.0 seconds, while keeping all other parameters constant, 
results in an improvement of the ventilation distribution ratio, Tj), from 
15 1.078 to 1.038. The control software of the computers 32 and 46 

associated with systems 30 and 44 is therefore programmed to increase the 
inspiratory time Tj while maintaining the same tidal volume and inspiratory 
waveform foi ten consecutive breaths. In a Class III lung, it is believed 
that the system operator will observe a decrease in end-tidal carbon dioxide 
20 in the exhalation following ventilation with increased inspiratory time 

because of the better distribution of ventilation with the Class III lung. On 
the other hand, it is believed that an increase in inspiratory time yields no 
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significant change in end-tidal carbon dioxide readings with a Class I lung, 
and can even increase the end-tidal carbon dioxide in Class II lungs. As 
a result, a Class HI lung is positively identified with this algorithm. 

Referring again to the narrative summary provided in Fig. 11, 
5 it is noted that an inspiratory pause, (IP), improves the ventilation 

distribution ratio for a Class III lung while having no effect on Class 1 
lungs, and possibly a deteriorating effect on the ventilation distribution 
ratio for a Class II lung. With reference again to Fig. 7, it is noted that 
a rising exponential flowrate inspiratory waveform provides the most 

10 dramatic improvement in ventilation distribution ratio for a Class III lung 

using an inspiratory pause, i.e. from a level of 1.275 to 1.032. The 
ventilation control software of computers 32 and 46 associated with 
systems 30, 44 respectively, is therefore programmed to employ an 
exponential flowrate waveform with an inspiratory pause. For example, 

1 5 the patient could be ventilated with a rising exponential flowrate waveform 

having an inspiratory time of two seconds, without an inspiratory pause, 
followed by the same waveform containing a 25% inspiratory pause, e.g. 
1.5 seconds, active inflation, and 0.5 second pause for ten breaths or one 
minute. In a Class III lung, it is believed that a drop of end-tidal carbon 

20 dioxide would be sensed following ventilation with the inspiratory pause 

compared to the previous waveform without the inspiratory pause. It is 
further believed that no lowering of end-tidal carbon dioxide is seen with 
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a Class I lung, and Class II lungs, will produce either no change or an 
increase in end-tidal carbon dioxide. 

Another algorithm can be utilized for lung classification in 
which inspiratory waveforms are changed between consecutive breaths, and 

5 the following discussion is based on a belief of the clinical results of the 
use of same. For example, the narrative table in Fig. 1 1 indicates that if 
a constant pressure waveform is immediately followed by ventilation for 
ten breaths or one minute with a rising exponential flowrate waveform of 
the same tidal volume and the same inspiratory time, a rise in end-tidal 

10 carbon dioxide follows ventilation with the rising exponential flowrate 

waveform for a Class III lung. No change in end-tidal carbon dioxide is 
produced with a Class I lung, under these ventilation conditions, and Class 
II lungs produce a decrease in end-tidal carbon dioxide. The computers 
32 and 46 associated with systems 30, 44 respectively, are therefore 

15 programmed to first introduce a constant pressure waveform and then a 

rising exponential flowrate waveform with the tidal volume and inspiratory 
time being maintained constant. When using system 44, it is 
recommended, that the constant pressure waveform be preceded by several 
constant pressure breaths so that the feedback loop can be set to produce 

20 the desired tidal volume before end-tidal carbon dioxide is measured. 

The foregoing discussion has been primarily directed to lung 
classification algorithms intended to distinguish Class III lungs from Class 
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I and II lungs. As discussed below, although patients having Class I or II 
lungs can be appropriately ventilated with many of the same inspiratory 
waveforms, in some instances it may be desirable to distinguish the 
patients with Class I and II lungs. For this purpose, it is noted that the 

5 computer simulation performed to generate the data in Figs. 5-10 was 

predicated upon the assumption that the pressure in each lung of Class I 
lungs is substantially equal during the entire inflation period. As such, if 
an inspiratory flowrate waveform is followed by an inspiratory pause, it is 
believed there will be no gas redistribution or "pendelluft" in patients with 

10 Class I lungs. The term pendelluft refers to a redistribution of gas from 

one lung to the other in the event the pressure within one lung is greater 
than the other. If this occurs, the gas within the higher pressure lung will 
flow to the lung of lower pressure so that the pressure between the two 
lungs is substantially equalized. In the absence of pendelluft, the pressure 

15 at the carina, as sensed at the sampling port 18 at the distal tip of the 

endotracheal tube 10, drops sharply during an inspiratory pause to a flat 
plateau. 

It is further believed that in a Class III lung, on the other 
hand, where pressures are not generally equal in each lung at the end of 
20 active inflation, there is gas redistribution during the inspiratory pause 

according to the pressure differential between the lungs. Such 
redistribution of gas flow during the inspiratory pause causes the pressure 
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at the carina to decay in an exponential fashion to a plateau rather than 
falling steeply to a plateau as in Class I lungs. Such gas redistribution and 
exponential decay in pressure at the carina therefore provides a means of 
differentiation between Class I and Class III lungs. 

5 Selection Of And Ventilation With An Appropriate 

Flowrate Waveform 

The purpose of selecting an appropriate inspiratory waveform 
in lungs of unequal time constant, i.e. different compliances and/or 
resistances, is to match the ventilation or gas flowrate to the perfusion or 

1 0 blood flowrate. As discussed above, the presence of different gas volumes 

in the right and left lung can create an undesirable ventilation/perfusion 
ratio mismatch which degrades the rate of gas exchange, and the efficiency 
of gas exchange, at the blood/gas interface within the lungs. While the 
body's compensatory mechanisms shunt the blood flow to favor the better 

15 ventilated lung, there is a limit to that self-regulatory action which can be 

depressed by some anesthetics. The objective, therefore, is to obtain a 
ventilation distribution ratio which is as close to unity as possible, e.g.: 

RXTi) = v^yv.CTi) 

= 1 

20 In addition to obtaining a ventilation distribution ratio as close to 1 as 

possible, inspiratory waveforms must be chosen to minimize the mean lung 



WO 97/14462 



PCI7US96/16430 



-43- 

pressurc or time-averaged pressure experienced by the lungs during an 
inspiratory cycle. As discussed above, higher mean lung pressures during 
mechanical ventilation can reduce the cardiac output by interfering with the 
filling and emptying of the heart since the lungs and heart both reside 
5 within the chest cavity. With these factors in mind, appropriate ventilation 

conditions for each lung can be summarized as follows. 

Class I Lungs 

Class I lungs have been defined above as having equal time 
constants for both respiratory pathways. That is, the product of the 

10 resistance and compliance (RC) is equal for both the right and left 

respiratory pathways. In Class I lungs, the ventilation distribution ratio is 
independent of the shape of the inspiratory waveform, independent of the 
duration of inspiration, Tj, and is not affected by the presence or duration 
of an inspiratory pause, IP. The ventilation distribution ratio is determined 

15 by the compliance ratio (C/C,) only. While it is contemplated that a 

number of inspiratory waveforms would be suitable for use with Class I 
lungs, it is noted that the increasing exponential waveform produces the 
lowest mean lung pressure over time in Class I lungs, which makes its use 
potentially the most desirable. It is also noted that an inspiratory pause 

20 increases the mean lung pressure within Class I lungs, and is therefore not 

recommended. 
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A number of recommendations regarding waveform shape, 
inspiratory time and inspiratory pause can also be made for Class II lungs 
(unequal compliance, equal or unequal resistance) based upon the data 

5 compiled in Figs. 5-11. As with Class I lungs, the rising exponential 

waveform produces the lowest mean pressure within Class II lungs and is 
probably the best choice, although other waveforms are useful. Regardless 
of the shape of the inspiratory waveform, a shorter inspiratory time tends 
to produce a more even ventilation distribution ratio and is recommended 

10 for Class II lungs. An inspiratory pause worsens the ventilation 

distribution ratio and increases the mean lung pressure within Class II 
lungs, and is therefore not recommended. 

Class III Lungs 

With respect to Class HI lungs (equal compliance, unequal 

15 resistance), a selection of different waveforms is probably best made in a 

clinical setting with the following guidelines. It has been found that a 
rising exponential flowrate waveform produces the lowest mean lung 
pressure within patients having Class III lungs, but the resulting ventilation 
distribution ratio is most uneven. A constant pressure waveform, on the 

20 other hand, produces the highest level of mean lung pressure for Class III 

lungs but also results in the most even ventilation distribution ratio. The 
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selection of one or the other of these waveforms will therefore depend on 
the clinician *s evaluation of the condition of a particular patient. 

It is also apparent from the data in Figs. 5-10 that an 
inspiratory pause, regardless of the type of waveform, improves the 
ventilation distribution ratio and is strongly recommended for Class III 
lungs. Further, increased inspiratory time also evens the ventilation 
distribution ratio and produces a lower mean lung pressure in Class III 
lungs. Accordingly, a constant pressure or a decaying exponential flowrate 
waveform with a longer inspiratory time, and an inspiratory pause, produce 
good ventilation distribution in Class III lungs. 

The methodology of this invention therefore involves a 
clinical determination or identification of the class of the lungs of a 
particular patient, followed by the selection of an appropriate inspiratory 
waveform, inspiratory pause (if any) and inspiratory time to produce a 
ventilation distribution ratio as close to unity as possible while minimizing 
the mean lung pressure. This methodology improves the mass transfer rate 
and efficiency at the blood/gas interface within the lungs to achieve better 
delivery of oxygen and anesthetics into the blood stream and removal of 
carbon dioxide and anesthetics therefrom during artificial ventilation. 

While the invention has been described with reference to a 
preferred embodiment, it will be understood by those skilled in the art that 
various changes may be made and equivalence may be substituted for 



I 



WO 97/144*2 PCT/US96/I6430 

-46- 

elements thereof without departing from the scope of the invention. In 
addition, many modifications can be made to adapt a particular situation 
or material to the teachings of the invention without departing from the 
essential scope thereof. Therefore, it is intended that the invention not be 
5 limited to the particular embodiment disclosed as the best mode 

contemplated for carrying out this invention, but that the invention will 

Q 

include all embodiments falling within the scope of the appended claims. 



03 
if! 



ru 



WO 97/14462 



PCT/US96/I6430 



-47- 

1 . A method of artificially ventilating a patient, comprising: 
determining the class of the lungs of the patient; 
selecting an appropriate inspiratory waveform for the 

particular lung class of such patient; 
5 ventilating such patient with the selected inspiratory 

waveform. 

2, The method of claim 1 in which said step of determining the 
class of the lungs comprises determining whether the patient has lungs with 
equal individual time constants, lungs of unequal compliance with no 
restriction on resistance, or lungs with equal compliance and unequal 
resistance. 
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3. The method of claim 1 in which said step of determining the 
class of the lungs comprises: 

ventilating the patient with an inspiratory waveform having 
a first inspiratory time; 
S thereafter ventilating the patient with said inspiratory 

waveform for a second inspiratory time which is greater than said first 
inspiratory time throughout a selected time period or number of breaths 
while maintaining tidal volume constant; 

sensing the end-tidal carbon dioxide concentration of the gas 
10 exhaled by the patient following each of said inspiratory waveforms, and 

comparing said sensed concentration of end-tidal carbon dioxide. 

4. The method of claim 3 in which said step of thereafter 
ventilating the patient includes thereafter ventilating the patient with said 
inspiratory waveform for a second inspiratory time which is greater than 
said first inspiratory time for at least ten breaths or about one minute while 
maintaining tidal volume constant. 
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5. The method of claim 1 in which said step of determining the 
class of the lungs, comprises: 

ventilating the patient with an inspiratory waveform without 
inspiratory pause; 

5 thereafter ventilating the patient with said inspiratory 

waveform containing an inspiratory pause while maintaining tidal volume 
constant for a selected period; 

sensing the end-tidal carbon dioxide concentration of the gas 
exhaled by the patient following each of said inspiratory waveforms, and 
1 0 comparing said sensed concentration of end-tidal carbon dioxide. 

6. The method of claim 5 in which said steps of ventilating the 
patient comprises ventilating the patient with a rising exponential flowrate 
inspiratory waveform. 



WO 97/14462 



PCT/US96/16430 



-50- 

7. The method of claim 1 in which said step of determining the 

class of the lungs, comprises: 

ventilating the patient with a constant pressure inspiratory 
waveform having a selected tidal volume and inspiratory time; 
5 thereafter ventilating the patient with a rising exponential 

flowrate inspiratory waveform having the same tidal volume and 
inspiratory time as said constant pressure waveform for a selected time 
period; 

sensing the end-tidal carbon dioxide concentration of the gas 
10 exhaled by the patient following each of said inspiratory waveforms, and 

comparing said sensed concentrations of end-tidal carbon dioxide. 



8. The method of clairr\l in which said step of determining the 

class of the lungs comprises: 

ventilating the patient with an inspiratory waveform including 
an inspiratory pause, said inspiratory waveform being delivered through an 
endotracheal tube with which the patientus intubated; 

measuring the pressure at the carina. 




9. The method of claim 8 in which said step of measuring the 

pressure at the carina comprises sensing the pressure through a sampling 
port at the distal tip of the endotracheal tube. 
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10. The method of claim 1 in which said step of determining the 
class of the lungs comprises: 

ventilating the patient with an inspiratory waveform including 
an inspiratory pause, said inspiratory waveform being delivered through an 
endotracheal tube with which the patient is intubated; 

sensing the presence of a redistribution of gas from one lung 
of the patient to the other during the inspiratory pause of said inspiratory 
waveform by measuring the slope of pressure at the carina over time. 

1 1 . The method of claim 1 in which said step of determining the 
class of the lungs comprises: 

sensing the intratracheal pressure trace at a beginning 
segment of exhalation; 

sensing the intratracheal pressure trace at an ending segment 
of exhalation; 

taking the natural logarithm of each of said intratracheal 
pressure traces over time, and comparing the resulting slopes to one 
another. 
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^^/cla: 



The method of claim 1 in which said hep of determining the 



class of the lungs comprises 



ventilating the patient with an inspiratory waveform; 
measuring the pressure at the /distal tip of an endotracheal 
tube with which the patient is intubated during expiration; 

examining the time constants of the resulting intratracheal 
pressure trace obtained from such pressure measurement. 

13. The method of claim fl in which said step of selecting the 

appropriate inspiratory waveform comprises selecting an inspiratory 
waveform which produces a ventilation distribution ratio closest to unity 
while minimizing mean lung pressure. 
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14. The method of claim 1 in which said step of selecting an 

appropriate inspiratory waveform comprises selecting a quarter-sine (rc/2 - 
7t) flowrate waveform defined as follows: 

Where: Qen(t) = total flowrate at the trachea or endotracheal 

tube, over time 

VT = tidal volume 

Tj = inspiratory time 

t = time 



15. The method of claim 1 in which said step of selecting an 

appropriate inspiratory waveform comprises selecting a shifted quarter-sine 
(7i - 3n/2) flowrate waveform defined as follows: 

Where: Q OT (t) = total flowrate at trachea or endotracheal tube, 

over time 

VT = tidal volume 

Tj = inspiratory time 

t = time 
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16. The method of claim 1 in which said step of selecting an 

appropriate inspiratory waveform comprises selecting a trapezoid flowrate 
waveform defined as follows: 



2 31,- 



Where: = total flowrate at trachea or endotracheal tube, 

over time 

VT = tidal volume 

= inspiratory time 

t = time 
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1 7. The method of claim 1 in which said step of selecting an 

appropriate inspiratory waveform comprises selecting a decaying 
exponential (x=T i /n) flowrate waveform defined as follows: 



0 ect (O = f[VT.T s ] e 



-nt 



Where: Q«(0 = total flowrate at trachea or endotracheal tube, 

over time 

VT = tidal volume 

Ti = inspiratory time 

x = time constant of flowrate decay 

n = any number 

t = time 
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18. The method of claim 1 in which said step of selecting an 

appropriate inspiratory waveform comprises selecting a decaying 
exponential (x = T/5) flowrate waveform defined as follows: 

0.1986527V e 

£3 Where: QetXO = total flowrate at trachea or endotracheal tube, 

tQ 5 over time 

W VT = tidal volume 

£J! 

S3 T, = inspiratory time 

Ul 

4 s x = time constant of flowrate decay 

^ t = time 

Q 

ru 



V 
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19. The method of claim 1 in which said step of selecting an 

appropriate inspiratory waveform comprises selecting a rising exponential 
(x=T/n) flowrate waveform defined as follows: 

0 ect it) = f [VT t T A ] e Ti 



Where: QeoO) = total flowrate at trachea or endotracheal tube, 

over time 

VT = tidal volume 

Tj = inspiratory time 

x = time constant of flowrate rise 

n = any number 

t = time 
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/ 20. The methoti of claim 1 in which said step of selecting an 

/ appropriate inspiratory waveform comprises selecting a rising exponential 
/ (t = T/5) flowrate waveform defined as follows: 



Where: 



Q«(t) = 



0.033918 VT e ~ t 



tal flowrate at trachea or endotracheal tube, 
yer time 



VT = tioal volume 

T; = inspiratory time 

x = time constant of flowrate rise 

t = time 
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21. \he method of claim 1 in which said step of selecting an 

appropriate inspiratory waveform comprises selecting a flowrate waveform 
defined as follo\ 



3VT. C 3 



Where: Q^t) \— total flowrate at trachea or endotracheal tube, 

over time 

VT k tidal volume 

T ; =1 inspiratory time 

t =1 time 



22. The method of claim 1 in which said step of selecting an 

appropriate inspiratory jvaveform comprises selecting a flowrate waveform 
defined as follows: 



4 VT. t 3 



Where: Qen(0 = 1 total flowrate at trachea or endotracheal tube, 

over time 

VT = I tidal volume 

T ; = \ inspiratory time 
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23. The metlWl of claim 1 in which said step of selecting an 

appropriate inspiratory waypform comprises selecting a flowrate waveform 
defined as follows: 



0« c <t> 



. (n*l) VT 



Where: Q*t(t) = totkl flowrate at trachea or endotracheal tube, 

over time 

VT = tidql volume 

T ; = inspiratory time 

t = timd 

n = any faumber 
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24. The method of claim 1 in which said step of selecting an 

appropriate inspiratory waveform comprises selecting an ideal increasing 
exponential flowrate waveform, defined as follows:. 

Q etc (t) = Ae« c 

Where: 

A = VT 

C r C 2 \{R 2 -R r ) | 

5 C f = right lung compliance 

C, = left lung compliance 

= right lung resistance 

Rt = left lung resistance 

VT = tidal volume 

10 Q«( t ) = tota ' flowrate a trachea or endotracheal tube, 

over time 

Tj = inspiratory time 

t = time 
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25. The method of claim 1 in which said step of selecting an 
appropriate inspiratory waveform comprises selecting a constant pressure 
waveform, defined as follows: 

P c (« = P c 

P c is constant during inspiration and is the pressure at the 
carina which is iteratively adjusted while the constant 
pressure waveform is maintained until the desired tidal 
volume is obtained 

t — time 

26. The method of claim 1 in which said step of selecting an 
appropriate inspiratory waveform comprises selecting a linearly increasing 
pressure waveform as follows: 

P c { t) =\mt 

where: m = ramp slope which is iteratively adjusted as the 

5 pressure waveform is maintained until the 

desired tidal volume is obtained 

t = time 

P c = pressure at carina 



where: 

5 
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27. The method of claim 1 in which said step of selecting an 

appropriate inspiratory waveform comprises selecting a rising exponential 
pressure waveform as follows: 

PJt) = P 0 

Where: TV = inspiratory time 

P Q = an arbitrarily set starting point for the pressure 
waveform which is iteratively adjusted as the 
pressure waveform is maintained, and as the 
actually delivered tidal volume is measured, 
until the desired tidal volume is obtained 

P c = pressure at carina 

n = any number 



t 



time 



• 
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28. The method of claim 1 in which said step of selecting an 

appropriate inspiratory waveform comprises selecting a pressure waveform, 
r\ defined as follows: 

Where: T t = inspiratory time 

5 P 0 = an arbitrarily set starting point for the pressure 

waveform which is iteratively adjusted as the 
pressure waveform is maintained, and as the 
actually delivered tidal volume is measured, 
until the desired tidal volume is obtained 



10 P c — pressure at carina 

t = time 
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10 



29. The method of claim 1 in which said step of selecting an 

appropriate inspiratory waveform comprises selecting a pressure waveform, 
t\ defined as follows: 



Where: 



t 



P c (t) = P ( 



inspiratory time 

an arbitrarily set starting point for the pressure 
waveform which is iteratively adjusted as the 
pressure waveform is maintained, and as the 
actually delivered tidal volume is measured, 
until the desired tidal volume is obtained 

pressure at carina 

time 
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10 



30. The method of claim 1 in which said step of selecting an 

appropriate inspiratory waveform comprises selecting a pressure waveform, 
t\ defined as follows: 



Where: 



T 5 
P. 



n 
t 



P e (t) = P t 



inspiratory time 

an arbitrarily set starting point for the pressure 
waveform which is iteratively adjusted as the 
pressure waveform is maintained, and as the 
actually delivered tidal volume is measured, 
until the desired tidal volume is obtained 

pressure at carina 

any number greater than 1 

time 
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31. A method of artificially ventilating a patient, comprising: 
determining the class of the lungs of the patient; 
selecting an inspiratory waveform having an appropriate 

shape, inspiratory time and inspiratory pause for the lung class of such 
patient; 

ventilating such patient with the selected inspiratory 

waveform. 

32. The method of claim 31 in which said step of determining 
the class of the lungs comprises determining whether the patient has lungs 
with equal individual time constants, lungs of unequal compliance with no 
restriction on resistance, or lungs with equal compliance and unequal 
resistance. 

33. The method of claim 31 in which said step of selecting an 
appropriate inspiratory waveform comprises selecting an inspiratory 
waveform with zero inspiratory pause for lungs with equal individual time 
constants. 
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34. The method of claim 3 1 in which said step of selecting an 
appropriate inspiratory waveform comprises selecting an inspiratory 
waveform with a comparatively short inspiratory time for lungs of unequal 
compliance with no restriction on resistance. 

35. The method of claim 31 in which said step of selecting an 
appropriate inspiratory waveform comprises selecting an inspiratory 
waveform with zero inspiratory pause for lungs of unequal compliance 
with no restriction on resistance. 

36. The method of claim 3 1 in which said step of selecting an 
appropriate inspiratory waveform comprises selecting an inspiratory 
waveform having an inspiratory pause on the order of about 25% of the 
inspiratory time for lungs with equal compliance and unequal resistance. 

37. The method of claim 31 in which said step of selecting an 
appropriate inspiratory waveform comprises selecting an inspiratory 
waveform with a comparatively long inspiratory time for lungs of equal 
compliance and unequal resistance. 
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38. The method of claim 31 in which said step of selecting an 

appropriate inspiratory waveform comprises selecting at least one of the 
flowrate waveforms, defined as follows: 

Quarter sine (n/2 - re) 

Shifted Quarter Sine (n - 3n/2) 

0.«<« - fl ♦ sindc ♦ it)) 

T i . (1- — ) V / 



Trapezoid 



o {litter.) = -*™ (t-Zi) + £!Z 

Decaying Exponential (t^T/ iO 

•nt 

O ecc <t) = f [VT, t £ ] e Ti 

Decaying Exponential (t=T/ 5) 

O (t) = ^ 
^•"^ ; 0.1986527^ 

Rising Exponential (T=T/n) 

at 

Oect it) ^ f [VT, T s ] e Ti 
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10 Rising Exponential (t=T/ 5^ 



Ideal Increasing Exponential 

O ac At) = Ae" 



Q (t) = 3VT - t2 



t 5 



15 t" 



Where: 



TV 



A = 5 VT 

e' r '-l 



Q^Ct) = total flowrate at trachea or endotracheal tube, 

over time 

VT = tidal volume 

20 T; = inspiratory time 

x = time constant of flowrate change 
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n = any number 

f [VT, T ; ] = a constant which is a function of VT and T ; 

t = time 

25 C r = right lung compliance 

C, = left lung compliance 

R, = right lung resistance 

C? R, - left lung resistance 

u 



o 
ru 
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39. The method of claim 3 1 in which said step of selecting an 

inspiratory waveform comprises selecting at least one of the pressure 
waveforms, defined as follows: 

Constant Pressure 

P c lt) = P c 

5 Increasing Pressure 

P c (t) = mc 

Rising Exponential Pressure 

nc 

P c (t) = P 0 e T > 



t 3 



^3 

P C U) = P a ' 



P e (C) = P t 



10 Where: P c = pressure at carina 

m = ramp slope 

t = time 

T s - inspiratory time 
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tidal volume 

an arbitrarily set starting point for the pressure 
waveform which is iteratively adjusted as the 
pressure waveform is maintained, and as the 
actually delivered tidal volume is measured, 
until the desired tidal volume is obtained 

any number greater than 1 
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40. The method of claim 3 1 in which said step of selecting an 
inspiratory waveform having an appropriate shape, inspiratory time and 
inspiratory pause for the lung class of such patient comprises selecting an 
inspiratory time which is based at least in pan on the effective time 

5 constant of the entire respiratory system. 

41. The method of claim 40 in which said step of selecting an 
inspiratory time which is based at least in part on the effective time 
constant of the entire respiratory system comprises: 

applying a constant pressure waveform at the carina of the 
patient through an endotracheal tube with which the patient is intubated; 

determining the point at which the flowrate at the 
endotracheal tube, Q m (t), is equal to exp (-1) • (0.368 Q^), where 
Qmax is the maximum inspiratory flowrate, which point is the effective time 
constant of the entire respiratory system. 



m 



a 



10 



fU 



t 
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42. The method of claim 40 in which said step of selecting an 

inspiratory time which is based at least in part on the effective time 
constant of the entire respiratory system comprises: 

applying an increasing ramp pressure waveform at the carina 
5 of a patient through an endotracheal tube with which the patient is 

intubated; 

determining the point at which the flowrate at the 
endotracheal tube, (t), is equal to (1 - exp (-1) = (1 - 0.368) 
= 0.632 Q^, where is equal to (T,) and T; is the inspirator)' time, 
10 which point is the effective time constant of the entire respiratory system. 
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43. The method of determining the class of the lungs of a patient, 
comprising: 

ventilating the patient with an inspiratory waveform having 
a first inspiratory time; 

thereafter ventilating the patient with said inspiratory 
waveform for a second inspiratory time which is greater than said first 
inspiratory time throughout a selected time period or number of breaths 
while maintaining tidal volume constant; 

sensing the end-tidal carbon dioxide concentration of the gas 
exhaled by the patient following each of said inspiratory waveforms, and 
comparing said sensed concentration of end-tidal carbon dioxide. 

44. The method of claim 43 in which said step of thereafter 
ventilating the patient includes thereafter ventilating the patient with said 
inspiratory waveform for a second inspiratory time which is greater than 
said first inspiratory time for at least ten breaths or about one minute while 
maintaining tidal volume constant 
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45 . The method of determining the class of the lungs of a patient, 

comprising: 

ventilating the patient with an inspiratory waveform without 
inspiratory pause; 

5 thereafter ventilating the patient with said inspiratory 

waveform containing an inspiratory pause while maintaining tidal volume 
constant for a selected period; 

sensing the end-tidal carbon dioxide concentration of the gas 
exhaled by the patient following each of said inspiratory waveforms, and 

10 comparing said sensed concentration of end-tidal carbon dioxide. 



46. The method of claim 45 in which said steps of ventilating the 

patient comprises ventilating the patient with a rising exponential flowrate 
inspiratory waveform. 
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47. The method of determining the class of the lungs of a patient, 
comprising: 

ventilating the patient with a constant pressure inspirator)' 
waveform having a selected tidal volume and inspiratory time; 

thereafter ventilating the patient with a rising exponential 
flowrate inspiratory waveform having the same tidal volume and 
inspiratory time as said constant pressure waveform for a selected 
period; 

sensing the end-tidal carbon dioxide concentration of the gas 
exhaled by the patient following each of said inspiratory waveforms, and 
comparing said sensed concentrations of end-tidal carbon dioxide. 

48. The method of determining the class of the lungs of a patient, 
comprising: 

ventilating the patient with an inspiratory waveform including 
an inspiratory pause, said inspiratory waveform being delivered through an 
endotracheal tube with which the patient is intubated; 

measuring the pressure at the carina. 

49. The method of claim 48 in which said step of measuring the 
pressure at the carina comprises sensing the pressure through a sampling 
port at the distal tip of the endotracheal tube. 
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50: The method of determining the class of the lungs of a patient, 

comprising: 

ventilating the patient with a constant flowrate waveform; 

measuring the pressure at the distal tip of an endotracheal 
tube with which the patient is intubated during active inflation of the 
lungs; 

examining the resulting intratracheal or carina! pressure trace 
obtained from such pressure measurements. 

5 1 . The method of claim 50 in which said step of examining the 

resulting intratracheal pressure trace comprises observing whether said 
pressure trace is linear or non-linear during inspiration. 
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52. The method of determining the class of the lungs of a patient, 
comprising: 

ventilating the patient with an inspiratory waveform including 
an inspiratory pause, said inspiratory waveform being delivered through an 
S endotracheal tube with which the patient is intubated; 

measuring the pressure at the distal tip of an endotracheal 
tube with which the patient is intubated during the inspiratory pause; 

examining the slope of the resulting intratracheal pressure 
trace obtained from such pressure measurements. 

53. The method of determining the class of the lungs of a patient, 
comprising: 

ventilating the patient with an inspiratory waveform; 
measuring the pressure at the distal tip of an endotracheal 
5 tube with which the patient is intubated during expiration; 

examining the time constants of the resulting intratracheal 
pressure trace obtained from such pressure measurements. 
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54. The method of claim 53 in which said step of examining the 
time constants of the resulting intratracheal pressure trace comprises 
comparing the time constant of a portion of the pressure trace 
corresponding to the beginning of exhalation with the time constant of 

5 another portion of the pressure trace which corresponds to the end of 

exhalation. 

55. The method of determining the class of the lungs of a patient, 
comprising: 

sensing the intratracheal pressure trace at a beginning 
segment of exhalation; 
5 sensing the intratracheal pressure trace at an ending segment 

of exhalation; 

taking the natural logarithm of each of said intratracheal 
pressure traces over time, and comparing the resulting slopes to one 
another. 
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56. The method of determining the class of the lungs of a patient, 
comprising: 

ventilating the patient with an inspiratory waveform; 

examining the intratracheal pressure trace produced by the 
inspiratory waveform during active inflation of the lungs, during an 
inspiratory pause, and, during expiration. 

57. The method of claim 56 in which said step of examining the 
intratracheal pressure trace comprises measuring the pressure at the distal 
tip of an endotracheal tube with which the patient is intubated. 
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